ABSTRACT
S
pinal cord AVMs (SCAVMs) represent rare and insufficiently studied pathologic entities characterized by considerable variation. 1 Insufficient study of this disease is associated with the rarity and complexity of its diagnosis. 2, 3 Spinal cord arteriovenous fistula is a direct communication between arteries and veins, while spinal cord arteriovenous malformation in its narrow denotation has a nidus, an abnormal vascular network interposed between arteries and veins. On some occasions, both AVF and AVM constitute a shunt, which is also called AVM in its broader meaning. 4 Spinal cord AVFs and AVMs manifest with sudden or gradual deterioration of sensorimotor function in the extremities and/or of micturition, defecation, or sexual function due mainly to venous hypertension/ischemia and, in some cases, arterial steel, hemorrhage, or mass effect. 4 There has been advancement in endovascular treatment of SCAVM, including monitoring systems. Treatment of an SCAVM aims to decrease the risk of hemorrhage and arrest the progression of neurologic deterioration. 5 Embolization is thought to play an important role in the management of SCAVMs, both as a primary treatment and as an adjunct to surgical excision. However, complete cure of SCAVMs by endovascular embolization is exceptional except for spinal cord AVFs, and endovascular treatment often results in partial obliteration of the lesion by target embolization. Target embolization aims at occluding dangerous structures causing hemorrhage or neurologic symptoms, such as aneurysms, high-flow fistulas, and nerve root lesions for radicular pain. To date, various studies investigated the factors related to initial hemorrhage. [6] [7] [8] [9] [10] However, factors for recurrent hemorrhage and the impact of endovascular treatment on prevention of recurrent hemorrhage remain to be confirmed. The purpose of this study was to assess the recurrent hemorrhagic incidence of SCAVMs and its prevention by endovascular treatment.
MATERIALS AND METHODS
The study is reported on the basis of criteria from the Strengthening the Reporting of Observational Study in Epidemiology statement.
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Study Participants
We retrospectively reviewed 153 patients diagnosed with SCAVM by spinal cord angiography at centers where the senior author worked (New York University Medical Center, Beth Israel Medical Center, or Roosevelt Hospital in New York) between April 1980 and October 2010. Exclusion criteria are shown in Fig 1. After exclusions, we analyzed 80 patients with SCAVMs who had hemorrhage before the first endovascular treatment.
Clinical Characteristics
We collected the following data: age, sex, the presence of SCAVMrelated syndrome, endovascular treatment after the first hemorrhage or radiation therapy, and radiologic characteristics. We defined pediatrics as younger than 18 years of age.
Radiologic characteristics included hemorrhage type, detailed diagnosis, lesion level, the presence of an associated aneurysm, venous thrombosis, venous stricture, venous ectasia, and venous hypertension.
Improvement of Angiographic and Embolization Techniques
There has been improvement in angiographic and embolization techniques during the 30 years of the study and continuous improvement in knowledge of disease, angiographic imaging quality, endovascular equipment including microcatheters, microguidewires, embolic agents, and monitoring systems. We started by using guidewire-assisted and flow-guided microcatheters in the late 1980s. As a monitoring system, somatosensory evoked potentials introduced in the mid-1980s, and transcranial motor evoked potentials, in the mid-1990s as well as the provocative testing method. 12 We switched from isobutyl cyanoacrylate to n-butyl 12 After hemorrhage with neurologic deficits, patients were treated conservatively until their neurologic deficits became stabilized, and we then performed endovascular treatment if indicated. We perform targeted partial embolization for nidus-type SCAVMs to close aneurysms and fistulas to prevent hemorrhage and improve spinal cord hemodynamics to treat symptomatic myelopathy/venous hypertension. Complete angiographic cure is not the goal with most intradural lesions with the exception of AVFs. n-butyl 2-cyanoacrylate was the main embolic agent for both intra-and extradural lesions. Particulate embolization was used when NBCA embolization was not feasible on the basis of the flow dynamics of the lesion. Coils were used for embolization of aneurysms, high-flow fistulas, and protection of the normal vascular territories when embolizations were performed from proximal positions (nonintranidal). Ethylene-vinyl alcohol copolymer (Onyx; Covidien, Irvine, California) was not used for intradural lesions. The embolization procedure was repeated in a staged fashion if considered preferable.
Outcome
The treatment results were confirmed by angiography after embolization. MR imaging was also performed if indicated. Clinical follow-up was performed in a multidisciplinary clinic attended by both interventional neuroradiologists and neurosurgeons. In case of any clinical suspicion of recurrence or progression of the disease, MR imaging or angiography or both were repeated at that time. Repeat embolization was performed on the basis of the angiographic findings. Annual follow-up MR imaging was performed if the patient was neurologically stable. If there was any change in the appearance, spinal angiography was performed with the intent to treat. The end points were survival without recurrent hemorrhage from SCAVMs.
Statistical Analysis
Statistical analysis was performed by using SPSS for Mac (Version 21.0; IBM, Armonk, New York). Variables are expressed as mean Ϯ SD, median (interquartile range: 25th-75th percentile), or number of patients (percentage) as appropriate. The normality of the data was evaluated by using the Shapiro-Wilk test. We performed receiver operating characteristics curve analysis for age and the binary end point of recurrent hemorrhage, and we selected the age cutoff point that optimized sensitivity and specificity.
We compared the baseline and radiologic characteristics of patients with and without recurrent hemorrhage by the log-rank test and performed multivariate analysis by the Cox proportional hazards model by using variables that were marginally or significantly associated with progression on the log-rank test (P Ͻ .20). The probability of freedom from recurrent hemorrhage was estimated by using the Kaplan-Meier method; comparisons of the survival curves by the number of factors were performed by using the log-rank test. Differences were considered significant at P Ͻ .05 for a 95% CI.
RESULTS
Forty-four patients (55%) presented with subarachnoid hemorrhage and 36 (45%) presented with hematomyelia. Types of initial hemorrhage were not related to recurrent hemorrhage (P ϭ .54). We observed recurrent hemorrhage in 35 (44%) patients, including 1 of 41 patients treated by embolization and 34 of 39 patients not treated by embolization. The median length of total follow-up was 659 days (interquartile range, 129 -2640 days), and the median length from the first-to-recurrent hemorrhage was 369 days (interquartile range, 30 -1596 days). We found that 31% of patients rebled within 1 month of the first hemorrhage and 40% of them rebled in Ͼ3 years (Table 1) . Associated diseases were noted in several patients: spinal arterioveonous metameric syndrome in 10 patients (13%) with recurrent hemorrhage and in 9 (20%) without recurrent hemorrhage; Klippel-Trenaunay-Weber syndrome in 1 (2.9%) with recurrent hemorrhage, not seen in those without recurrent hemorrhage; and Osler-Weber-Rendu disease in 1 (2.9%) with recurrent hemorrhage, not seen in those without recurrent hemorrhage. No significant difference was found among these associated diseases and recurrent hemorrhage (P ϭ .94). Radiation therapy was performed in 3 patients (8.6%) with recurrent hemorrhage and was not performed in patients without recurrent hemorrhage (P ϭ .42). Clinical and radiologic characteristics of 80 patients with and without recurrent hemorrhage are shown in Table 2 . The log-rank test revealed that endovascular treatment (Fig 2) and venous thrombosis significantly and marginally reduced recurrent hemorrhage, respectively, and an associated aneurysm was significantly related to recurrent hemorrhage. Even in multivariate analysis, the endovascular treatment reduced and associated aneurysm increased the risk of recurrent hemorrhage (Table 3) .
Illustrative Case
This male patient initially presented with a spinal subarachnoid hemorrhage at 11 years of age. A diagnosis of an SCAVM was made by MR imaging and spinal angiography at that time, but no treatment was performed. He then experienced 3 spinal subarachnoid hemorrhages in a month, documented by spinal tap at 14 years of age. He was then referred to us for endovascular treatment. On admission, he was neurologically intact. Angiographic study demonstrated a nidus-type SCAVM at the T2 spinal level supplied mainly by the anterior spinal artery (ASA) with multiple intranidal aneurysms (Fig 3A) . Superselective angiography from a feeder coming off the ASA failed to demonstrate the aneurysms (Fig 3B, -C) . Superselective angiography from the ASA near the feeder origin demonstrated an intranidal aneurysm supplied by a branch of the ASA different from the feeder that was previously catheterized (Fig 3D) . Because of the inability to superselectively catheterize the feeder supplying the aneurysm, embolization from the ASA near the origin of the feeder was performed by using NBCA (Fig 3E) . Control angiography after the embolization showed decreased size of the AVM without opacification of the aneurysms. The ASA was disconnected for a short segment, but the distal segment was opacified through the collateral. The remaining nidus was also opacified by the ASA and the posterior spinal artery opacified from the left T10 and the left T8 intercostal artery, respectively (not shown). The patient remained neurologically intact and had no further hemorrhage during the follow-up for 6 years after the embolization.
DISCUSSION
The results of the present study showed that the endovascular treatment reduced and associated aneurysm increased the risk of recurrent hemorrhage in patients with hemorrhagic SCAVM.
Hemorrhage
The congenital nature of SCAVMs in their form at presentation is also debatable, 13 because their appearance after hemorrhage may reflect the result of decompensation of the vasculature lesion and the surrounding spinal cord, which occurred after birth. It has previously been reported that once a patient hemorrhages, the incidence of recurrent hemorrhage is very high. 14 The overall annual hemorrhage rate was 4%, increasing to 10% for spinal glomus (type 2) SCAVMs with previous hemorrhage, 8 and lesions with initial hemorrhage also had a greater annual rate of recurrent hemorrhage (5.6%) compared with nonhemorrhagic lesions (0.4%) in spinal cord AVF. 15 Our series showed an higher incidence of hemorrhage: 58% as the initial symptom and 66% before treatment. In the literature, initial hemorrhage was encountered in 70% of pediatric and 27%-45% of adult patients with SCAVMs, 20%-37% of pediatric and adult patients with AVF, and 50% of pediatric and adult patients with glomus-type AVMs. 6, 8, 9, 15, 16 In the present study, initial hemorrhage was seen in 52% of all patients, 51% of pediatric patients, and 53% of adults, and this finding supported the results of the previous studies. Previous study also showed that early (within the 12 months after the first hemorrhage) recurrent hemorrhage was seen in 4.8% of pediatric patients and in 3.6% of adults, and late (Ͼ1 year after the first hemorrhage) recurrent hemorrhage was seen in 4.8% of pediatric patients and 14% of adults with SCAVM. 6 However, early recurrent hemorrhage was seen in 20% of pediatric patients and in 20% of adults, and late recurrent hemorrhage was seen in 33% of pediatric patients and in 18% of adults in the present study. This result indicated that the rate of recurrent hemorrhage from SCAVMs in both pediatric patients and adults was higher than previously expected.
Recurrent hemorrhages after endovascular embolization were seen in 4%, and all of these were cervical SCAVMs in the previous study. 17 We observed that only 1 of 41 patients (2.4%) had recurrent hemorrhage among those who underwent endovascular treatment, as opposed to 34 of 39 patients (87.2%) without endovascular treatment. Many of those who had rehemorrhage without endovascular treatment were treated by endovascular embolization without further hemorrhage in our series (data not shown). The low incidence of hemorrhage after partial embolization of SCAVMs has also been reported by other authors. 5 Associated aneurysms of the feeding arteries and nidus are common in SCAVMs. 7 Spinal cord artery and intranidal aneurysms are associated with a high risk for hemorrhage in SCAVMs. 7 Some studies have shown that SCAVM-related arterial aneurysms (distinct from false aneurysms) were associated with initial hemorrhage, 6, 8, 14, 18 though one group of authors showed that arterial aneurysms (distinct from false aneurysms) were not related to hemorrhagic presentation. 16 It was also reported that recurrent hemorrhages were mostly due to rerupture of an associated false aneurysm in SCAVMs. 6 The results of the present study showed that associated aneurysms were seen in 89% of patients with recurrent hemorrhage and in 56% of those without recurrent hemorrhage and supported the relationship between associated aneurysms and recurrent hemorrhage in patients with an SCAVM. Although venous architectural factors (either venous ectasias or venous stricture) were most often associated with initial hemorrhage, 16 they were not related to recurrent hemorrhage in the present study.
Endovascular Treatment
Embolization of an SCAVM is performed once the endovascular "dissection" of the SCAVM with microcatheter angiography and provocative testing is complete. Analysis of vascular anatomy is most important for safe embolization, but electrophysiologic monitoring with provocative testing provides additional safety, especially when vascular anatomy is modified by previous hemorrhage or treatment. 12 We prefer to use a flow-guided microcatheter for embolization because it is smaller in caliber and less traumatic to the blood vessel compared with a guidewire-assisted microcatheter. We prefer to use NBCA as an embolic agent because of its penetration small vessels and long-lasting occlusion effect. We try to reach the target as close as possible, but if not possible, we modify our technique to accomplish occlusion of the target as demonstrated in the illustrative case. We avoid embolization from a microcatheter wedged in a feeding artery because of the high risk of penetration of the embolic material into the normal territory or draining veins. The details of embolization techniques have been described elsewhere. 12, 14 We proved that targeted embolization is beneficial to prevent recurrent hemorrhage even if it is partial treatment. We believe that endovascular embolization is the treatment of choice for most SCAVMs. The only exception is slow-flow, perimedullary AVFs located at the conus or filum terminale. It is important to obtain periodic clinical and radiologic follow-up and early endovascular intervention before significant deterioration occurs to obtain the best possible prognosis for SCAVMs.
Limitations
First, our study had a retrospective design with inherent limitations leading to potential ascertainment bias. Second, the number of patients was small, spread across many years, during which technical advancements were observed, though this may be unavoidable given that SCAVM is a rare disease. Third is the possibility of random error; overall, 13 univariate comparisons have been performed. Given the ␣ level of .10, the high number of statistical tests makes it likely that 2 of the associations found may actually be the result of chance. Therefore, the interpretation of the results of univariate analysis was performed carefully, and the conclusion was performed by the multivariate analysis. As noted above, the results of the present study should be further clarified using an independent cohort would be difficult to perform given the rarity of SCAVMs.
CONCLUSIONS
The low rate of recurrent hemorrhage after endovascular treatment, compared with the high incidence of recurrent hemorrhage in conservative management, proves that endovascular treatment is effective to prevent hemorrhage.
